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In  September of t h i s  year,  the National Bureau of S t a n d a r d s  held a 
Workshop in the Washington D . C .  area which addressed the ro l e  of 
clocks a n d  o sc i l l a to r s  in large scale  systems, par t icu lar ly  communicat- 
ions and  navigation. The ultimate purpose of t h i s  Norkshop was t o  
do two things: f i r s t ,  t o  provide research and development people in 
government, a t  un ivers i t ies  a n d  in companfes w i t h  adequate information 
t o  appropriately d i r ec t  t he i r  research a c t i v i t i e s  towards the real 
needs f o r  clock a n d  o s c i l l a t o r  improvements; second, t o  determine 
whether or n o t  there a re  any ways in which existing o s c i l l a t o r s  a n d  
clocks could serve systems bet ter  t h a n  they a re  doing now. The 
Workshop took place over a period of  three-days, with several techni- 
cal papers a n d  two panel sessions which were instrumental in determin- 
ing the s t a t e  o f  opinion in t h i s  f i e l d .  
a n d  private companies were represented. 
the technical d e t a i l s .  Instead, I would l i k e  t o  present a d i s t i l l a t i o n  
o f  the ideas a n d  concepts; some of the ideas a re  my own, b u t  many came 
from other par t ic ipants .  

Yany government agencies 
I am not  going t o  repeat 

There a re  two generic a l te rna t ives  to  obtaining timing informa- 
t ion in a dis t r ibuted system - the use of independent clocks or the 
use of  coordination. This paper will not address t h i s  choice a t  a l l ,  
b u t  will concentrate on systems which use clocks.  For mi l i ta ry  systems 
in par t icular  and  in many cases for  c iv i l i an  systems, there a re  reasons 
to  choose solutions based on precise clocks o r  o s c i l l a t o r s .  Low error 
r a t e  in d ig i t a l  communications, anti-jam cha rac t e r i s t i c s  and  f a s t  s ig-  
nal acquis i t ion a l l  require very precise timing information. S u r v i v -  
a b i l i t y  a n d  independence depend upon a p r io r i  knowledge t h a t  comes 
from having precision clocks in the system and t h a t  i s  not avai lable  
t o  unauthorized persons. Independent operation of system elements 
protects the system from human e r ror  and  various d i sa s t e r s .  
Finally,  there i s  often f a l l o u t  resul t ing from the inclusion of 
clocks and o sc i l l a to r s  in a system. For example, having a very 
precise o s c i l l a t o r  on a s a t e l l i t e  permits improved determination o f  
the o r b i t  of  t h a t  s a t e l l i t e .  This technique i s  being a p p l i e d  today 
in the GPS system and may be applied in the future  t o  many s a t e l l i t e  
systems i f  the s a t e l l i t e s  carry low cost b u t  high precision clocks. 

Contribution o f  the National Bureau , o f  S t a n d a r d s .  
Not subject t o  copyright. 
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In a paper presented a t  the l a s t  PTTI conference, two basic 
mechanisms were suggested for  achieving improved systems; be t te r  
clocks and. system redesign could lead to  improved performance o r  
d i f f e ren t  operational procedures and system redesign could lead t o  
relaxed clock dependence. The conclusion which I reached a s  a 
r e s u l t  of the Workshop i s  t h a t  the real deficiency from which we 
suf fer  today i s  a lack of e f fec t ive  and e f f i c i e n t  u t i l i z a t i o n  of  
existing resources. Engineers today, par t icu lar ly  systems engineers, 
will of ten go a long long way t o  avoid uslng clocks i n  t h e i r  systems. 
The JTIDS system i s  probably a good example of t h a t .  
needs t o  enter  his time w i t h  approximately 6 second.precision. 
Doing be t te r  does not save any time i n  acquiring u t i l i z a t i o n  of the 
system. Typical requirements t o  s a t i s f y  the posit ion locat ion,  
ident i f ica t ion  and the information d is t r ibu t ion  aspects of the 
system ?an be accomplished with o s c i l l a t o r  precisions i n  the  
the  10' range, orders o f  magnitude below what i s  ava i lab le  today. 
am going t o  discuss why th i s  s i t ua t ion  occurs and then how t o  op t i -  
mize the use of avai lable  devices t o  achieve the required perform- 
ance and re1 i a b i l i t y  and how the specif icat ion of o s c i l l a t o r s  
a f f ec t s  our a b i l i t y  to  accomplish this a t  m i n i m u m  cos t .  
consider the t raps  of a p p l y i n g  f a l s e  economic considerations and the 
problem of functional duplication where many subsystems provide the 
same a t t r i b u t e s  and none provide the r e l i a b i l i t y  and  the redundancy 
t h a t  i s  necessary. There was a near unanimous agreement t h a t  more 
development i s  needed on two fundamentally different  varieties of 
clocks.  We will review the s t a t e  of the indus t ry  and i t s  capabi l i ty  
of  providing these requirements. 

The operator 

t o  
I 

We will 

There i s  a la rge  g a p  between w h a t  i s  be ing  produced and the 
s ta te-of- the-ar t ,  i . e . ,  what has been achieved i n  the laboratory 
under ideal conditions.  One of the t h i n g s  t h a t  we'd l i k e  to  be ab le  
t o  do, of course, i s  to purchase la rge  numbers of these best units. 
The idea may be a l i t t l e  b i t  controversial  b u t  I believe there  
r e a l l y  i s  no la rge  problem w l t h  regard t o  the ult imate performance 
capab i l i t y ,  i . e . ,  the noise f loor  of our existing technology; combi- 
nations o f  hydrogen, rub id ium,  and cesium standards have been demon- 
s t r a t ed  t o  provide pretty much a l l  t h a t  most people need a t  the  
present time. However, there  a r e  s ign i f i can t  areas  of deficiency 
r e l a t ing  t o  operating standards i n  the f i e l d .  The turn-on time, the 
environmental s ens i t i v i ty  and the  radiat ion res i s tance  of our current  
standards simply do not s a t i s f y  systems designers.  Many systems, 
SEEK-TALK and JTIDS for  exatgple, would l i ke  f? have o s c i l l a t o r s  w i t h  
any where from a par t  i n  10 t o  a par t  In 10 
racy tha t  turn on i n  30 seconds. 
o s c i l l a t o r s  t h a t  turn on i n  40 minutes a t  the par t  i n  10 l eve l .  
Commercial manufacturer8 have pub1 ished results o f  o s c i l l a t o r s  t h a t  
accomplish par t s  i n  10 
a la rge  discrepancy. 

precision and accu- 
Operationally, they arg u s i n g  

r epea tab i l i t y  i n  f ive minutes. So there I s  
System functions a r e  a l s o  pushed onto  the 



clock w i t h  unenviable r e s u l t s .  Manufacturers a r e  asked to provide 
output a t  frequencies such a s  5,10,10.23,5.115,9.116 and 4.016 MHz. 
They a r e  a lso asked t o  provide h i g h  degrees of s e t a b i l i t y  and  tuna- 
b i l i t y  which a re  essent ia l ly  system functions. 

The f i r s t  area t h a t  I would l i k e  to  t a l k  about i s  probably the 
most important one, r e l i a b i l i t y .  I t  i s  something t h a t  we pay 15p  
service t o ,  something we worry about a f t e r  the f a c t .  
major concerns expressed i n  the Workshop was what can we do today t o  
p l a n  for  re1 i a b i l  i t y  i n  our future  developments? The performance 
which we need ex i s t s ;  the r e l i a b i l i t y  t h a t  we w a n t  i s  only going to  
come from more experience w i t h  the very standards tha t  we current ly  
have. We make the mistake o f  constantly t r y i n g  to push the s t a t e -  
of- the-ar t  and  p u s h  the performance o f  our standards w i t h  the same 
devices t h a t  a r e  supposed t o  produce h i g h  r e l i a b i l i t y  and a long 
l i fe t ime.  The only way we a r e  g o i n g  to  f i n d  the problems i n  clocks 
and  o s c i l l a t o r s  and solve t h e m  i s  to produce hundreds o f  these 
devices, and  get them out i n t o  f i e ld  operation so t h a t  the design 
flaws which a r e  bui l t - in  can become known. Otherwise there  will be 
a wide var ie ty  o f  c i r c u i t s  and  features  i n  supposedly h i g h  r e l i a b i l i -  
t y  devices tha t  have only been produced two or  three times. The 
s t ra tegy  which I recommend i s  t h a t  we invest our money i n  buying 
la rge  numbers of identical  clocks. This will help generate a guaran-  
teed market for  the companies t h a t  produce the clocks and  will en- 
courage the needed engineering a n d  development investment i n  the 
clocks. This approach would be cos t ly ,  b u t  not as cos t ly  a s  the 
f a i l u r e  o f  important  systems. 
should take i n t o  account i s  t h a t  the various a t t r i b u t e s  which we 
assign to  a clock a r e  not independent. 
super performance from a device then we a r e  going t o  have t o  pay 
for  tha t  performance i n  a var ie ty  of a reas ,  i n  r e l i a b i l i t y  and  
cos t  fo r  example. 

One of the 

Another consideration t h a t  we 

For example, i f  we want 

The use o f  custom made devices i s  another s ign i f icant  problem 
We tend to  s e t  g o a l s  f o r  our  system clocks which a r e  e i the r  area.  

the best r e su l t s  we know of o r ,  worse, something a l i t t l e  b i t  be t te r .  
We ask the small R&D company t o  develop a few uni t s  w i t h  t h a t  perform- 
ance b u t  a lso h a v i n g  custom features  t h a t  match our system require- 
ments - our frequency, s i ze ,  configuration, power, welght, and 
warmup time. B u t  custom uni t s  i n  general perform worse than standard 
off- the-shelf-uni ts .  Not only t h a t ,  the process o f  producing a 
customized product t i e s  up  the technical capabi l i ty  of the small 
company which i s  then not avai lable  to do the advanced develop- 
ment needed to  get be t te r  performance. 
probably true even in the case of the most t r i v i a l  changes 
because the r i sks  of making these changes are h i g h .  

We do a fur ther  disservice by not  paylng enough a t ten t ion  to  
the whole problem of specif icat ion.  The process of specif icat ion 1 s  
unique t o  each system application and cannot be done i n  a genera- 

This scenario i s  



1 i z e d  fash ion .  
i f  t h e  system i s  t o  p r o v i d e  t i n i n g ,  t hen  t h e  s p e c i f i c a t i o n  shou ld  be 
i n  terms o f  t h e  maximum t ime  d e v i a t i o n  p e r m i t t e d  f o r  t h e  d u r a t i o n  o f  
t h e  m i s s i o n  o r  exper iment.  Systemat ics a r e  p a r t i c u l a r l y  impor tan t  t o  
s p e c i f y  c o r r e c t l y .  Several k inds  o f  model ing can be done, b u t  most 
o f t e n ,  model ing i s  unsuccessful  i n  removing sys temat ics .  The p r i n c -  
i p l e  reason i s  t h a t  t h e  sys temat i c  e f f e c t s  o f  t h e  c l o c k s  o f t e n  have 
t h e  same f u n c t i o n a l  dependences a s  t h e  sys temat ics  f rom o t h e r  p a r t s  
o f  t h e  system. 
Q u a d r a t i c  sys temat ics  i n  t h e  c l o c k  a r e  i nseparab le  f rom s i m i l a r  
phenomena i n  t h e  o r b i t .  

We sometimes s p e c i f y  
a much b e t t e r  dev i ce  than i s  needed because we know i t  i s  p roduc ib le ,  
b u t  t h a t  runs  up t h e  c o s t  and prevents  t h e  manufac turer  f rom 
t r a d i n g  o f f  t h a t  performance a g a i n s t  some o t h e r  impor tan t  c r i t e r i o n .  
One has an o b l i g a t i o n  t o  s p e c i f y  t h e  t r u e  system performance r e q u i r e -  
ments r a t h e r  than a n t i c i p a t e  un forseen e v e n t u a l i t i e s .  Once t h e  
s p e c i f i c a t i o n s  o f  a system a r e  f i x e d ,  t h e  performance o f  t h e  system 
c l o c k  o r  o s c i l l a t o r  i s  determined. A d i f f e r e n t  system des ign  m i g h t  n o t  
r e q u i r e  t h e  same o s c i l l a t o r  performance b u t  once t h e  requ i rements  
a r e  s e t  one i s  f o rced  t o  pay f o r  t h e  u n n e c e s s a r i l y  d i f f i c u l t  s p e c i f i -  
c a t i o n s .  A r e l a t e d  problem i s  t h e  t o t a l l y  i n g r a i n e d  n o t i o n  o f  many 
engineers t h a t  t hey  know t h e  v a l u e  o f  t h e  c l o c k  i n  t h e i r  system 
- a p r i o r i ,  based upon t h e  f i n a l  p r i c e  o f  t h e  system. I t h i n k  t h i s  
- a p r i o r i  "knowledge" o f  t h e  va lue  o f  t h e  c l o c k  i s  g r o s s l y  i n  e r r o r .  
For example, qua r t z  o s c i l l a t o r s  l o o k  r a t h e r  s imp le .  They a r e  smal l  
dev ices ;  t h e  b e s t  o f  thein c o s t  o n l y  a few thousznd d o l l a r s .  Systems 
engineers sometimes d o n ' t  comprehend t h a t  t h e  s t a t e - o f - t h e - a r t  
qua r t z  o s c i l l a t o r  i s  s p l i t t i n g  a resonance l i n e  t o  a p a r t  pe r  m i l l i o n .  
T h i s  i s  m o s t l y  a science, b u t  p a r t i a l l y  an a r t .  I t  i s  n o t  a s i t u a -  
t i o n  where a d d i t i o n a l  eng inee r ing  e f f o r t  i s  go ing  t o  produce a 
fundamental decrease i n  t h e  c o s t .  A s  another  example, I ' d  l i k e  t o  
t a l k  b r i e f l y  about p o s s i b i l i t i e s  f o r  a v e r y  inexpens ive  GPS r e c e i v e r .  
The performance achieved i n  t h e  GPS system i s  i n t e r e s t i n g  f o r  commerc- 
i a l  a p p l i c a t i o n s .  The c l e a r  a c q u i s i t i o n  s i g n a l  has more power than 
t h e  P code and i t  may become a v a i l a b l e  on b o t h  t h e  L and L frequenc- 
i e s .  
t h a t  w i l l  s e l l  f o r  $2,000 and c o s t  l e s s  than $1,000 d o l l a r s  t o  
produce. 
and t h e  performance requ i rement  i s  a p a r t  i n  10 s t a b i l i t y  f o r  
hundreds o f  seconds. 
dev i ce  w i t h  t o d a y ' s  techno logy .  

The development c o s t s  o f  custom c l o c k s  and o s c i l l a t o r s  a r e  
u s u a l l y  n o t  recove rab le  by s a l e s  o f  a l a r g e  number o f  u n i t s .  In 
f a c t ,  t h e  smal l ,  h i g h  techno logy  companies t h a t  serve  t h e  custom 
p roduc t  market r u n  t h e  r i s k  o f  deve lop ing  new dev ices  which, if 
t h e y  have l a r g e  p r o f i t  p o t e n t i a l ,  may a t t r a c t  o t h e r  companies t o  

We should a l w a y s  use t h e  u l t i m a t e  c r i t e r i o n ;  

The GPS program I s  a good example o f  t h a t .  

Our s p e c i f i c a t i o n s  a r e  o f t e n  unreasonable. 

People a r e  t a l  k i n g  about  t w o - p r i n t e d - c i r c u i t - d a r d  r e z e i v e r s  

I n  t h i s  c o n t e x t ,  t h e  v a l u e  assigned tYlthe c l o c k s  i s  $150 

I t  i s  p robab ly  imposs ib le  t o  produce such a 
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compete f o r  t h e  market.  I n  a d d i t i o n ,  s p e c i f y i n g  s t a t e - o f - t h e - a r t  
performance i n  a s y s t e m  d imin ishes  t h e  p o s s i b i l i t y  t h a t  t h e r e  w i l l  
be s i g n i f i c a n t  economies due t o  l a r g e  sca le  p roduc t i on .  
performance i s  achieved by a process o f  measurement, t e s t i n g  and 
s e l e c t i o n  and these processes a r e  l a b o r  i n t e n s i v e .  
a r e  e s s e n t i a l l y  an impediment t o  ever producing l a r g e  numbers o f  
super h i g h  performance c l o c k s .  
and development f o r  new products  w i l l  have t o  be p a i d  fo r  by t h e  
government o r  by t h e  systems developer .  

Super h i g h  

I n  f a c t ,  t hey  

ble need t o  recogn ize  tha t  research  

I n  o rde r  t o  improve p r o d u c t i v i t y ,  i t  would be b e n e f i c i a l  t o  
separate t h e  problem o f  making a dev ice  t h a t  works f rom t h e  problem 
o f  making i t  i n  a c o s t  e f f e c t i v e  manner. The engineers and s c i e n t i s t s  
who have t o  produce new developments should n o t  have t h e  added 
burden o f  do ing  i t  inexpens ive l y .  I have seen t h i s  p o l i c y  a p p l i e d  i n  
the  s o l a r  power convers ion  i n d u s t r y  and i t  appears t o  be v e r y  success- 
f u l .  We ought t o  inc rease the  u t i l i z a t i o n  o f  s tandard components i n  
a v a r i e t y  o f  systems. One a i r c r a f t  cou ld  e v e n t u a l l y  c a r r y  o p e r a t i o n -  
a l  JT IDS,  SEEK-TALK and GPS r e c e i v e r s .  R igh t  now, because o f  t h e  
d i f f e r i n g  s p e c i f i c a t i o n s  those w i l l  a l l  c o n t a i n  independent frequency 
s tandards.  There i s  no reason why they  cou ld  n o t  a l l  r u n  from a 
s i n g l e  d i s t r i b u t i o n  u n i t .  
t h e  redundancy r e s u l t i n g  from us ing  an ensemble o f  s tandards.  

I n  f a c t ,  t h e r e  i s  an advantage because o f  

There was a consensus o f  o p i n i o n  a t  t h e  Workshop t h a t  t h e r e  a r e  
The f i r s t  i s  a t h r e e  types o f  standards r e q u i r i n g  more development. 

spec ia l  purpose standard.  Var ious systems s t r e s s  d i f f e r e n t  a t t r i b u t e s  
which can be combined i n  a s i n g l e  dev ice.  The JTIDS system needs f a s t  
warmup. A p a r t  i n  10  accuracy s a t i s f i e s  a l l  f u n c t i o n s  o f  t h a t  sys- 
tem. 
p a r t  i n  10  accuracy w i t h  f a s t  warmup. For GPS user equipment, 
s t a b i l i t y  i s  impor tan t  i n  commercial a p p l i c a t i o n s  which observe sate-  
l l i t e s  s e q u e n t i a l l y .  Spread spectrum communication systems need TQar 
zero b i t  e r r o r l r a t e s  which r e q u i r e s  i n  the  v i c i n i t y  o f  p a r t  o f  10  
t o  p a r t s  i n  10 The second type o f  s tandard needing fu r -  
t h e r  Qgvelopment i s  t h e  very ,  ve ry  h i g h  s t a b i l i t y  o s c i l l a t o r .  Pa r t s  
i n  10 and b e t t e r  performance have been achieved, bu t  t h e  dev ices 
a r e  n o t  f i e l d  dep loyab le  and a r e  n o t  s u f f i c i e n t l y  r e l i a b l e .  
k i n d  o f  performance i s  needed fo r  t imes up t o  a week i n  o rde r  t o  
i nc rease  c a l i b r a t i o n  i n t e r v a l s ,  t o  speed up measurements, t o  a l l o w  
t h e  use o f  h igher  f requencies i n  our  communications systems, and t o  
make b e t t e r  use o f  s t a t i o n  keeping s a t e l l i t e s  i n  TDMA systems. 

9 
The ?bEK-TALK program i s  p r i n c p a l l y  i n t e r e s t e d  i n  a c h i e v i n g  a 

s t a b i l i t y .  

Th is  

What i s  t h e  s t a t e  o f  research  and development t h a t  i s  supposed 
t o  produce these r e s u l t s ?  Crys ta l  s, cesium, rub id ium and hydrogen 
a r e  a l l  o l d  techno log ies .  We a r e  e x i s t i n g  o f f  t h e  developments o f  
t h e  past ,  bu t  t h e r e  a r e  many new ideas.  I n  fac t  t h e r e  i s  a p l e t h o r a  
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of new ideas,  only a few of which may be superior to the exis t ing 
concepts. 
research and  development resources i n  the direct ion of devices tha t  
r ea l ly  have potential  for replacing or  a d d i n g  to the exis t ing concepts. 
Advanced development i s  i n  a worse s t a t e .  Whereas, the c i v i l i a n  and 
the mi l i ta ry  f u n d i n g  agencies spend a f a i r l y  large amount of money 
on basic research, there  i s  not  much f u n d i n g  for  advanced development. 
Private companies a r e  t ied  u p  producing the customized devices 
required by systems engineers. Re11 Telephone which was spending 
mil l ions per year on crystal  research i s  now out of the f i e l d ,  
h a v i n g  s a t i s f i ed  t h e i r  own needs for  the foreseeable fu ture .  
Organizations l i k e  the USAERADCOM a re  shrinking i n  s i z e ,  no longer 
providing the advanced development t h a t  they were doing a t  the end 
of the second world war. This problem i s  exacerbated by the f ac t  
t h a t  the development of the standard u p  t o  the preproduction model 
i s  far  more cos t ly  t h a n  the i n i t i a l  laboratory demonstration. Even 
i f  the new clocks and  o s c i l l a t o r s  needed by our systems i n  the near 
future  a r e  developed we will n o t  eas i ly  be able  t o  manufacture t h e m .  
The manufacturing capabi l i ty  t h a t  i s  needed is  considerable. The 
u t i l i t y  type standards will be required in quant i t ies  greater  t h a n  
ten thousand un i t s ,  and they c a n ' t  be created overnight. I t  will  
probably take years and  cost  mill ions of do l l a r s  to es tab l i sh  t h a t  
k i n d  of production f a c i l i t y .  We've even l o s t  some o f  the f a c i l i t i e s  
t h a t  we had. Our crystal  capab i l i t i e s  have gone overseas for  the 
most p a r t ;  the  e n t i r e  commercial industry to Japan and 50% of the 
precision capabi l i ty  i s  gone. There i s  only one source of precision 
c r y s t a l s  i n  t h i s  country marketing resonators without osci.1lators 
and the qual l ty  of the q u a r t z  t h a t  i s  ava i lab le  has deter iorated 
markedly since 1970. 

We must carefu l ly  analyze t h i s  s i t ua t ion ,  and p u t  our 

F i n a l l y ,  there  i s  a l so  a problem of system implementation. We a l l  
share t h i s  problem; we get c a u g h t  u p  i n  developing new things.  
That 's  where most of the c red i t  l i e s .  We a r e  so caught up in develop- 
i n g  new things tha t  good devices already developed a r e  often not 
implemented. The new technologies never get  to mature. On the 
other  hand ,  technologies t h a t  a r e  out i n  the f i e l d  a r e n ' t  replaced. 
Some a r e  40 years old and they a r e  not only mature they a r e  senile! 
I t  i s  necessary to  separate the problems of research and production. 
We have t o  be s a t i s f i e d  w i t h  using devices t h a t  perform well ,  even i f  
next year ' s  device wi'll. perform be t te r .  We have to  get  those devices 
out in to  systems and we have to  concentrate on the research and 
development t h a t  will  produce new devices for  the fu ture .  Systems 
engineers should worry about systems problems. I t  will continue to  
d e b i l i t a t e  clock research e f f o r t s  t o  continue considering t h i n g s  l ike 
o u t p u t  frequency, power 1 eve1 , t unab i l i t y  and other system attributes 
t o  be problems for  the clock designer to solve. 


